The generation of diploid spermatozoa is essential for the continuity of tetraploid lineages. The DNA content of diploid spermatozoa from allotetraploid hybrids of red crucian carp and common carp was nearly twice as great as that of haploid spermatozoa from common carp, and the durations of rapid and slow progressive motility were longer. We performed comparative proteomic analyses to measure variations in protein composition between diploid and haploid spermatozoa. Using two-dimensional electrophoresis followed by liquid chromatography tandem mass spectrometry, 21 protein spots that changed in abundance were analyzed. As the common carp and the allotetraploid hybrids are not fully sequenced organisms, we identified proteins by Mascot searching against the National Center for Biotechnology Information non-redundant (NR) protein database for the zebrafish (Danio rerio), and verified them against predicted homologous proteins derived from transcriptomes of the testis. Twenty protein spots were identified successfully, belonging to four gene ontogeny categories: cytoskeleton, energy metabolism, the ubiquitin-proteasome system, and other functions, indicating that these might be associated with the variation in diploid spermatozoa. This categorization of variations in protein composition in diploid spermatozoa will provide new perspectives on male polyploidy. Moreover, our approach indicates that transcriptome data are useful for proteomic analyses in organisms lacking full protein sequences.
INTRODUCTION
Polyploidization has been studied in many organisms and has been proposed to be a significant contributor to speciation and evolutionary success [1] . Incomplete data show that most polyploid species have an even number of sets of chromosomes, and the tetraploid form is most common. In the past, tetraploid forms have been produced or detected in channel catfish (Ictalurus punctatus), tilapias of the genus Oreochromis, rainbow trout (Oncorhynchus mykiss), blunt snout bream (Megalobrama amblycephala), mud loach (Misgurnus mizolepis), grass carp (Ctenopharyngodon idella), and other wild or farmed fish species [2] . Among these species, viable, sexually mature and fertile tetraploid forms have only been reported in Oncorhynchus mykiss, Megalobrama amblycephala, and Misgurnus mizolepis [2] . These tetraploid fish are fertile, but some defects have been identified in terms of the continuity of tetraploid generations, indicating the lower fertility of tetraploid males, ploidy variation among progenies, and chimera formation [3, 4] . Sperm function is essential for male reproduction in sexually reproducing organisms, and also plays important roles in sexual selection. Although spermatozoa act as conserved paternal genetic contributors to the zygote in species, they are also the most morphologically diverse of all cell types [5] . To use a source of diploid gametes, diploid spermatozoa produced by tetraploid forms are usually used for crossing with normal haploid eggs to obtain triploid progeny [6] .
Given the significance of diploid gametes in evolution and for practical applications in fish breeding, it is important to pay more attention to the form and function of the spermatozoa of tetraploid forms. Variations in the morphology of diploid spermatozoa have been observed in previous studies, but there has been little study on subcellular composition related to function in fish spermatozoa. In other taxa, the head length and width, the number of mitochondria, the length of the principal piece, the total length of the flagellum, and the intracellular ATP concentrations were all greater in spermatozoa from tetraploid Pacific oysters (Crassostrea gigas) than in those from diploid forms [7, 8] . In the European weatherfish (Misgurnus fossilis L.), the midpiece and flagellum were longer in spermatozoa of tetraploid individuals compared with those of triploid forms [9] . In the rainbow trout (Oncorhynchus mykiss), spermatozoa from tetraploids had more mitochondria compared with haploid spermatozoa from diploids, permitting more storage and accessibility of ATP [10] . More research is needed on diploid gametes to analyze their molecular composition and its effects on reproduction and evolution. As spermatozoa are ideal models for whole-protein compositional analysis, proteomic analysis of diploid spermatozoa is economical and feasible [11] .
In our previous study, we obtained bisexual fertile allotetraploid (4nAT) populations by crossing red crucian carp (Carassius auratus red variety) with the common carp (Cyprinus carpio L.). Stably inherited tetraploid forms have now been generated successively over 23 generations (F 3 -F 25 ). Generation of this artificial, bisexual, fertile 4nAT strain is the first to be reported for fish, and might be the first for vertebrates. Scanning electron micrography of spermatozoa showed that the average head length of diploid spermatozoa was 2.40 lm compared with 1.90 lm for haploid forms [12] . Diploid spermatozoa have been used to produce polyploid fish, and the ploidy has been confirmed to be stable [12] . At the same time, living androgenetic diploids have been obtained using diploid spermatozoa of these 4nAT fish [13] .
Here, we mainly aimed to quantify differences in the proteomes of diploid spermatozoa from 4nAT fish compared with haploid spermatozoa from the common carp. First, we compared the DNA contents and motility between diploid and haploid spermatozoa. Then, we compared the proteomes of purified diploid and haploid spermatozoa and identified differentially expressed proteins. These proteins might be associated with sperm configuration and motility, and should provide new perspectives for understanding the patrilineal role of polyploidization in the speciation and evolution of vertebrates. In addition, the proteomics analysis of diploid spermatozoa should also provide theoretical guidance for the artificial production of triploid and androgenetic diploid fish.
MATERIALS AND METHODS

Experimental Animals
Allotetraploid (4nAT) and common carp (Cyprinus carpio) larvae were produced in the breeding season and then kept for 3 yr in the Engineering Center of Polyploidy Fish Breeding of the National Education Ministry, Hunan Normal University, People's Republic of China (P.R. of China). The fish larvae were fed in 150-m 3 tanks under natural photoperiod and temperature conditions. Animal experimenters were certified under a professional training course for laboratory animal practitioners held by the Institute of Experimental Animals, Hunan Province, P.R. of China. The fish were treated humanely according to the Care and Use of Agricultural Animals in Agricultural Research and Teaching, and approved by the Science and Technology Bureau of the P.R. of China; approval from the Department of Wildlife Administration is not required for the experiments conducted in this study. Male 4nAT fish (700 6 70 g) and male common carp (Cyprinus carpio; 1000 6 100 g) were collected during the breeding season and then injected with carp pituitary extracts at a standard dose of 2 mg/kg of body weight intraperitoneally [14] . Approximately 12 h later, fish were anesthetized by submersion in 2-phenoxyethanol (SigmaAldrich) for a few minutes at a dose of 0.5 ml/L of water. Contamination with feces, water, urine, or blood was carefully avoided. For each type of fish, semen samples were collected from 12 individual males with normal fertility (the percent of activated sperm .90%) using gentle abdominal pressure into 10-ml collecting tubes and placed in crushed ice. Collected samples were randomly divided into three groups for biological replication (n ¼ 4). The volume of semen collected from each fish was measured and recorded.
Sample Preparation
To eliminate individual factors of fish, partial collected semen samples were blended in each group. To purify spermatozoa, collected milt was separated by Percoll density gradient centrifugation (GE Healthcare). First, pooled semen, double diluted in 0.9% NaCl, was loaded over discontinuous (70% [v/v] and 35% [v/v]) Percoll gradient to separate the spermatozoa from seminal plasma and other cells [15] . After centrifugation at 710 3 g at room temperature for 30 min, the sperm pellet at the bottom of the Percoll layer was collected and washed three times in 0.9% NaCl for 5 min by centrifugation at 710 3 g. Then, the percent of somatic cell contamination in the sperm sample was checked by phase-contrast microscopy. Results of the statistical analysis indicate that the percent of somatic cells was less than 0.5%.
To evaluate sperm motility, aliquots of semen were diluted 100-fold in immobilizing medium (IM; 200 mM KCl, 30 mM Tris-HCl [pH 8 .0], osmolality . 400 mOsm kg
À1
). The diluted semen was diluted 20-times further with distilled water (DW) or activating medium (AM; 5 mM KCl, 45 mM NaCl, 30 mM Tris-HCl [pH 8.0], osmolality , 160 mOsm kg À1 ), respectively, for evaluating sperm activation [14] . Activated semen was placed on a glass slide precoated with 1% bovine serum albumin (BSA), and observations were begun immediately at room temperature using a camcorder (Sony camera) fixed onto a dark-field microscope (Olympus CX41, 320). The microscope focal plane was always positioned near the glass slide surface. The movements of spermatozoa were visualized on a video monitor (Panasonic) with a 3750 final magnification on the screen. According to the videos, we calculated the percent of motile sperm and recorded sperm rapid swimming time and lifespan. The motility of spermatozoa can be divided into two phases. The rapid swimming time is the time from activation to when about 90% of spermatozoa show active motility. The lifespan is defined as the time from activation to when 95% of the spermatozoa cease moving. At the same time, the maximum velocity of the sperm motility was calculated as described by Linhart et al. [16] . The measure was repeated with 12 different samples, and we recorded mean values 6 SD for triplicate measurements.
To calculate the DNA content of sperm samples, semen samples were diluted 10 4 times with IM solution and treated with 4 0 ,6-diamidino-2-phenylindole DNA staining solution (Partec GmbH) for 8-10 min and filtered. The mean DNA content of the spermatozoa was measured using a flow cytometer (Cell Counter Analyzer; Partec GnbH). The DNA content of sperm of red crucian carp was used as the control. Comparisons of mean DNA content between spermatozoa from the red crucian carp, common carp, and 4nAT fish were evaluated by chi-square tests using Yate's correction.
To assess sperm density, 10
5
-fold double-diluted semen in IM solution was assessed using a hemocytometer. Each sample was counted three times. We then distributed equal amounts into centrifuge tubes. After centrifugation, the collected pellets were used for extracting protein immediately or snap frozen in liquid nitrogen and stored at À808C until being used.
The collected pellets (containing 50 3 10 6 spermatozoa) were resuspended in 1 ml lysis buffer containing 9 M urea (GE Healthcare), 4% (w/v) 3-[(3-Cholamidopropyl) dimethylammonio] propanesulfonate (CHAPS; GE Healthcare), 65 mM DL-dithiothreitol (DTT; USB), 0.5% immobilized pH gradient (IPG) buffer (pH range, 3-10; GE Healthcare), 24 lM PMSF (Sigma-Aldrich), 1 mM protease inhibitor cocktail (Sigma-Aldrich), and 1 mM nuclease mix (GE Healthcare), and sonicated for total 10 min on ice (60 times for 10 sec each, with a gap of 10 sec between sonications; the power was 100 W). After incubation at 48C for 1 h, the mixtures were centrifuged at 16 000 3 g for 30 min at 88C. Supernatants were gathered and protein concentrations were measured by the Bradford method [17] using BSA as the standard and Coomassie brilliant blue G-250 (Sigma-Aldrich) as the dye. Finally, the protein solution was divided into aliquots of 10 lg/ll of protein, and stored at À808C until the electrophoresis analyses.
Scanning Electron Microscope
The semen of common carp (CC) and 4nAT was collected with a rubber burette and transferred into 2.5% glutaraldehyde solution. The semen was centrifuged at 2000 rpm for 1 min, fixed in 4% glutaraldehyde solution overnight, and then fixed in a 1% osmic acid for 2 h. The spermatozoa were dehydrated in alcohol, dropped onto slides, and desiccated. Finally, they were subjected to atomized gilding and were observed with an X-650 SEM (Hitachi, Japan) scanning electron microscope. The spermatozoa of CC and 4nAT were then compared under a scanning electron microscope.
Two-Dimensional Gel Electrophoresis
Before loading on to the first electrophoresis gel, 200 lg protein of each sample was rehydrated with buffer (9 M urea, 2% CHAPS, 65 mM DTT, 0.5% IPG buffer [pH [3] [4] [5] [6] [7] [8] [9] [10] , and 0.02% bromophenol blue) to a final volume of 450 ll.
Referring to the protocol of O'Farrell [18] , Isoelectric focusing (IEF) was performed on nonlinear IPGs (pH 3-10, 24 cm; GE Healthcare) with Ettan IPGphor IEF system (GE Healthcare). After strips were rehydrated for 12 h at 50 V, focusing was at 208C using voltage stepping: 1 h at 500 V, 1 h at 1000 V, from 1000 to 10 000 V in 1 h and 10 000 V until a total of 50 000 Vh was reached; the maximum current of each strip was 50 lA.
Focused IPG strips were equilibrated in the first step with SDS equilibration solution (50 mM Tris [pH 8.8], 1% DTT, 6 urea, 30% glycerol, 4% SDS and a trace of bromophenol blue) for 15 min, and the second step with 4% iodoacetamide instead of DTT for 15 min. The equilibrated strips were washed by SDS electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% SDS[pH 8.3]), rapidly placed atop 12.5% SDS acrylamide gels and then overlaid with 0.5% agarose in buffer (SDS electrophoresis buffer and traces of bromophenol blue). After agarose agglutination, the second dimension was carried out at 2.5 mA/gel for 45 min followed by 17.5 mA/gel for about 5 h using an Ettan Dalt DUAN ET AL.
Six system (GE Healthcare) at 108C until the bromophenol blue indicator migrated to the bottom edge of the gels.
The gels were fixed in a solution containing methanol, acetic acid, and ultrapure water (at a ratio of 4:1:5), then washed in ultrapure water, and finally stained by the mass spectrometry (MS)-compatible silver staining protocol [19] . Images of the stained gels were scanned by an ImageScanner Epson10000 (GE Healthcare) and saved. Spot identification and comparison of spot intensities were made by an ImageMaster 2D Platinum 7 (GE Healthcare). Three replicates per pooled fraction in each group were obtained to ensure reproducibility.
In-Gel Trypsin Digestion and Peptide Identification
Spots that showed significant difference and stable changes were manually excised from the silver-stained gels with surgical blades and placed in tubes for immediate digestion or storage at À808C. To process in-gel trypsin digestion, the collected spots were first destained with buffer (15 mM K 3 Fe [CN] 6 and 50 mM Na 2 S 2 O 3 ) and then dehydrated with pure acetonitrile (ACN; SigmaAldrich). After gel slices were completely dried under vacuum, the gel-bound proteins were reduced by 10 mM DTT at 578C for 1 h and alkylated by 55 mM iodoacetamide (Sigma-Aldrich) in the dark at room temperature for 30 min. Gel slices were then sequentially washed two times by 25 mM ammoniumbicarbonate in water and dehydrated by ACN. After being freeze dried under vacuum, gel slices were rehydrated by adding 25 ll of 25 lg/ml of trypsin (Promega trypsin gold) and in-gel digestion was performed by incubation at 378C for 16 h. Finally, the resulting peptide mixture was extracted and lyophilized under vacuum.
To identify the peptides in the in-gel digestion mixture, we used a Quadrupole-time-of-flight (Q-TOF) MS (micrO-TOFQ-II; Bruker Daltonics) equipped with an electron spray ionization nanospray source for accurate mass values. First, the digested peptides were applied on an Ultimate 3000 LC system (Dionex Ultrimate 3000) to be desalted and preconcentrated with 0.1% formic acid on a C18 PepMap precolumn (2 cm, inside diameter 100 lm, 5 lm, C18; LC Packings). Peptides could then be parted on an analytical capillary C18 column (15 cm, ID 75 lm, 3 lm, C18) with a linear gradient of 5%-40% solvent B (99.9 % acetonitrile with 0.1% formic acid) over 60 min at a flow rate of 300 nl/min. The peptides were assayed by the positive ion MS mode and the data-dependent tandem MS (MS/MS) mode. The data-dependent mode was used for survey scans (m/z 300-1500) in order to choose no less than three most abundant precursor ions. For the collision-induced dissociation in MS/MS analysis, collision energies were obtained automatically as a function of m/z and charge. Argon acted as the collision gas. The temperature of the heated sample source was set to 1508C and the electrospray voltage was set as 1200 V.
Protein Identification by MS/MS
Peptide sequence (MS/MS) information was collected using Compass Control 1.3 software (Bruker Daltonics), which deconvoluted the MS/MS spectra of identified compounds and converted the spectra (Bruker Compass Data Analysis 4.0 software) to ''mascot generic files'' (mgf). The mass values, the intensity (at least 5 counts/sec), and the charge of the precursor ions were included in these mgfs. The background subtraction setting was 10%, and smoothing was done three times with ''smooth window'' (channels) 2.0 in the Savitzky Golay mode. The obtained mgfs were used to search the National Center for Biotechnology Information nr (http://www.ncbi.nlm.nih.gov/refseq/) for the zebrafish (Danio rerio) in an online version of the Mascot search engine (V2.2, Matrix Science; http://www.matrixscience.com/help/seq_db_setup_nr. html) for protein identification. Search settings selected trypsin as the enzyme and allowed one missed cleavage site, 0.5 Da mass accuracy for MS and MS/ MS and two posttranslational modifications (carbamidomethyl of cysteine as a fixed modification and oxidation of methionine as a variable modification). Proteins were identified on the base of peptides with similarity values greater than 95% (.0.95).
Western Blotting
First, samples containing 30 lg of total lysis sperm protein from each group were electrophoresed on a 15% SDS-PAGE gel in each lane for 1-2 h at 100 V, then transferred to polyvinylidene fluoride membrane (GE Healthcare BioSciences) and blocked in TBST containing 5% nonfat milk for 1 h at room temperature. Membrane was incubated with primary antibodies (rabbit polyclonal antibody to Uchl3, 1:1500; GeneTex) overnight at 48C. Blots were washed extensively and incubated with corresponding peroxidase conjugate anti-rabbit IgG (1:5000; Sigma-Aldrich) for 1 h at room temperature. Proteins were detected by an ECL kit (Thermo Fisher Pierce) using ChemiDoc XRSþ imaging system (Bio-Rad). The expression level of protein was analyzed by AlphaEaseFC software (Alpha Innotech).
Coding Sequence Prediction from Testis Transcriptomes
Before this study, we had obtained the transcriptomes of testes from the common carp and 4nAT. For more accurate identification of proteins by MS analysis, we extracted coding sequences from transcriptome data and translated them to amino acid sequences. The construction of a cDNA library complied with the Illumina HiSeqTM 2000 protocol (Illumina Inc.) and was sequenced on an Illumina HiSeq 2000 instrument. De novo assembly of transcriptomes was performed using Trinity [20] , and redundant sequences were removed using TGICL [21] . The obtained nonredundant sequences were searched using BLAST against protein databases according to the priority order, Nr, SwissProt, KEGG, and COG, with an e-value of 1e À5 ; we then confirmed the coding sequences for the proteins with the highest score. The amino acid sequences were then obtained based on a standard codon table. Finally, the coding sequences of transcripts that could not be aligned to any protein databases were forecast using EST Scan [22] .
Protein Verification Based on Predicted Proteins
We constructed a local predicted protein database, and then searched for homologous proteins using local BLASTP searching (e-values ,10 À5 ) using the protein sequences identified by MS/MS as queries. We then verified the reliability of identified proteins by running a homology analysis in ClustalW using identified fragments in authenticated proteins. We focused on whether the amino acid sequences were conserved in the regions of identified fragments among these homologous proteins. At the same time, predicted unbroken protein sequences were used to compute each theoretical isoelectric point (pI) and molecular mass (Mr) using the Compute pI/Mr tool in ExPASy (http://web. expasy.org/compute_pi/).
RESULTS
Sample Collection
We calculated the volume of semen collected and sperm concentration of each sample. As shown, the average yield of milt in CC and 4nAT was 7.42 ml/kg and 6.36 ml/kg, respectively. The average sperm density of the semen collected from CC and 4nAT is 2.94 3 10 11 sperm/ml and 2.41 3 10 11 sperm/ml, respectively. In addition, there was no significant difference in the milting and sperm density between these two groups (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org).
Cell Size, DNA Content, Protein Amount, and Sperm Motility
The DNA content of red crucian carp spermatozoa was used as the control. The DNA contents of samples are displayed in Table 1 and Figure 1 , a-c. Predictably, the mean DNA content of common carp spermatozoa was equal (P . 0.05) to that of the red crucian carp, but the mean DNA content of diploid 4nAT spermatozoa was double (P . 0.05) that of the control haploid spermatozoa. PROTEOMIC ANALYSIS OF DIPLOID SPERMATOZOA 
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After we measured and analyzed the scanning electron microscope images of haploid and diploid spermatozoa, we calculated the average head diameter, median plate length, and flagellum length. The average diameter of haploid sperm heads was about 1.94 lm, whereas the diameter of diploid sperm heads was 2.42 lm. The heads of common carp sperm were smaller than those of 4nAT (P , 0.05). Other portions showed no significant differences (Fig. 2, Supplemental Table S2 ).
We examined the cell size, density, and volume of haploid and diploid spermatozoa. The volume of diploid spermatozoa was approximately twice as much as the cell volume of the haploid spermatozoa. We compared sperm density estimates with cell volume to protein amount. We found that these two types of spermatozoa have different volumes, but contain comparable protein levels (P . 0.05), which was similar to the positive correlation between the total amount of protein and cell numbers in different ploidy plant cells in Koh et al. [23] ( Table 2) .
As expected, motility of common carp and 4nAT spermatozoa was initiated in DW and in AM. The average rapidly progressive motile times were about 50.66 sec and 78.73 sec in common carp and 4nAT fish, respectively, and the sperm lifespan was about 67.39 sec for the common carp and 123.43 sec for the 4nAT fish in DW. Analogously, the average rapidly progressive motile times were about 111.66 sec and 168.46 sec in common carp and 4nAT fish, respectively, and the sperm lifespan was about 583.73 sec for the common carp and 871.54 sec for the 4nAT fish in AM solution. Differences in rapid motility time and lifespan were easily observed between common carp and 4nAT after activation (P , 0.05, Table 3 ). At the same time, the maximun velocity (lm/sec) and initially activated sperm (%) was measured in AM and DW, and no significant difference was detected between haploid and diploid spermatozoa. Thus, the overall duration of motility of diploid spermatozoa from the 4nAT fish was significantly longer than that of haploid spermatozoa in both DW and AM.
Proteomic Differences Between Haploid and Diploid Spermatozoa
Two-dimensional electrophoretic (2-DE) separation of the total proteins in haploid and diploid spermatozoa for each fraction was performed in triplicate and showed high reproducibility. Digital images of gels were used to analyze the differences between the proteomes of haploid and diploid spermatozoa. Representative gels of two sets are displayed in Figure 3 . The distribution of spots was predominantly within a pI range of 4.5-9.0 and an Mw range of 25-100 kDa. Among replicated samples, about 780 protein spots were matched reproducibly and were detected by ImageMaster 2 D Platinum 7.0 software (GE Healthcare) on improved silver-stained gels. Quantitative analysis revealed that 21 protein spots exhibited significant (P , 0.05) differences in intensity by more than 2-fold between the diploid and haploid spermatozoa when tested by ANOVA. In 15 cases, spot abundance was higher in diploid spermatozoa, and six spots had significantly higher abundance in haploid spermatozoa compared with diploid spermatozoa. Four antithetical spots, corresponding to spots 1, 4, 5, and 6, were identified to validate the accuracy of 2-DE and MS.
MS and Protein Identify
A total of 21 protein spots, representative of differently expressed proteins, were excised from gels and subjected to identification. All of these spots were identified at a 95% confidence level (P , 0.05) based on liquid chromatography MS/MS (LC-MS/MS) data and Mascot database searching. Because the common carp and the 4nAT fish do not have fully sequenced genomes, protein identification was based on homologies with the D. rerio genome. In these identified proteins, tubulin alpha 6 was identified in two protein spots; proteasome subunit alpha type-6 was also identified in two other spots, an uncharacterized protein was identified in one spot, and 16 other confirmed proteins were identified. The details of identification are summarized in Table 4 , and Figure  4 shows representative spots from haploid and diploid spermatozoa. a Statistical significance was assessed using Student t-test. Dioploid spermatozoa were compared with haploid spermatozoa in the same column in the same activated medium. * Significant difference (P , 0.05); no symbol indicates no significant difference (P . 0.05). ** Extremely significant difference (P , 0.01).
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Further Protein Verification
To verify protein identification, we used the predicted coding sequence (CDS) extracted from the testis transcriptomes for reference. After obtaining the identified proteins in D. rerio and the predicted amino acid sequences from transcriptomes, we compared the similarities of sequences and the numbers of mismatched bases to judge the veracity of MS methods used in this study. In these predicted protein databases, we sought appropriate sequences for 19 identified proteins in D. rerio. These identified proteins were confirmed to be accurate by the low mismatch ratios in the regions of identified fragments; one identified protein (spot 20) was rejected because of a high mismatched ratio. The details are shown in Table 5 and some representative examples are presented in Figure 5 . This further protein verification confirmed that the predicted CDSs from transcriptomes were effective and meaningful for MS results and protein identification in species with unknown genomes or incomplete protein databases.
Gene Ontology
Gene Ontology (GO) analysis was performed to classify the identified proteins, based on putative annotation, and 16 of the identified proteins received GO annotation (Fig. 6 ). All 16 proteins were involved in cell components (GO:0044464)-15 were intracellular proteins and 1 protein was located on the cell surface; 11 proteins were recognized as organelle proteins. Molecular function analysis of these proteins showed that 13 had catalytic activity: three oxidoreductases, three transferases, six hydrolases, and one isomerase; 14 proteins were enriched in binding function (GO:0005488) term. In biological processes, 15 proteins were determined to participate in metabolic processes; four proteins were associated with cell death (GO:0008219); and two proteins affected cell motility, namely, bone morphogenetic protein (BMP) 2-4, participating in cell migration (GO:0016477), and glyceraldehyde-3-phosphate dehydrogenase-2 (GAPDH2), involved in sperm motility (GO:0030317).
Validation of Protein Expression by Western Blot Analysis
For validation, immunoblot analysis with commercially antibodies was performed in three biological replicates to confirm the differentially expressed proteins detected by the proteomics between two different groups. As shown in Supplemental Figure S1 , similar to the quantitative proteomics results, the relative expression level of protein after Western blotting showed that the ubiquitin carboxyl-terminal hydrolase isozyme L3 (UCH-L3) is more highly expressed in diploid spermatozoa than that in haploid spermatozoa (P , 0.05). Not surprisingly, the Western blot results were quite consistent with the results of the experimental data from 2-DE and LC-MS/ MS, which proved that the observed results from 2-DE-based quantitative proteomics are reliable.
DISCUSSION
Polyploidization has been recognized as playing an important role in evolution and species diversification. Based on ecological studies, researchers have speculated that polyploidy might cause variation in the reproductive biology of species [24] . We have produced an allotetraploid 4nAT fish as a model for polyploidy research. Unlike other tetraploid animals, they can produce stable diploid gametes, and have now been propagated for 23 generations. Given their stabilized morphology and heredity traits, they are suitable for genetic and evolutionary studies of tetraploidy and polyploidization.
We chose the diploid spermatozoa produced by 4nAT fish to analysis the variations in reproductive biology induced by polyploidization. First, we measured the DNA contents and motility of diploid spermatozoa. Using scanning electron microscopy and motility analysis, the diploid spermatozoa have larger heads, double the DNA content, and higher motility than haploid spermatozoa. To explain these traits, some researchers have concluded that polyploidization usually leads to more mitochondria in diploid spermatozoa to provide higher ATP contents for flagellar movement, which, in turn, prolongs sperm motility [7, 9] .
Understanding the prolonged motility of diploid spermatozoa is vital to prevent the dissemination of diploid gametes and control the risk of genetic pollution in the wild [9] . However, the longer duration of diploid sperm motility could allow more time for accessing fertilization in natural environments, and this could provide new perspectives for investigating the evolution of polyploidy. 
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Besides studying morphology and motility, we also investigated the protein expression profiles of diploid and haploid spermatozoa by 2-DE, and identified 20 different expressed protein spots between the two kinds of spermatozoa. Our data provide molecular evidence that could help explain the causes of sperm variation arising during polyploidization.
In past studies, comparative proteome analyses between the spermatozoa from normozoospermic and asthenozoospermic men showed that altered levels of ''cytoskeletal proteins'' [25] [26] [27] [28] [29] , ''proteins involved in energy metabolism'' [26] [27] [28] [29] , and ''proteins associated with the ubiquitin-proteasome system'' (UPS) [25] [26] [27] 29] might indeed be involved in sperm motility regulation. Similar to these findings, in this study, a majority of differentially expressed proteins could also be distributed into these three functional groups.
Cytoskeletal Proteins
Tubulins are essential molecular components of microtubules that participate in cell division, flagellar and ciliary motility, and other forms of movement in eukaryotic cells [30] . As important components of the flagellar axoneme, tubulins play key roles in sperm motility [31] . In previous studies, researchers have documented lower tubulin expression levels in low-motility human semen (asthenozoospermia) compared with normospermic samples [28, 31, 32] . In the tubulin family, a-tubulin and b-tubulin are the most common components of microtubules. In human spermatozoa, a-tubulin was reported to be prominent throughout most of the flagellum and possibly directly related to structural and functional changes during capacitation and the acrosome reaction in human spermatozoa [32] . The total amount of a-tubulin decreased significantly in semen samples from patients with asthenozoospermia or a Spot numbers as in two-dimensional (2D) reference gel (Fig. 2) . b Fold change is the ratio between average normalized volume of each spot in diploid sperm and that of the corresponding spot in haploid sperm. PROTEOMIC ANALYSIS OF DIPLOID SPERMATOZOA asthenoteratozoospermia [31] . In male mice subjected to carbon ion radiation, the lower expression of b-tubulin in spermatozoa resulted in low motility [33] . In human studies, the expression of b-tubulin was higher in normospermic samples compared with asthenozoospermic ones [28, 31, 34] or in samples with asthenoteratozoospermia among infertile patients [31] . After proteomic analysis, we identified five tubulins at higher concentrations in diploid compared with haploid spermatozoa: tubulin alpha 6 (spots 1 and 3), tubulin beta 2 (spot 2), tubulin beta (spot 8), and a-tubulin (spot 16). Given the above-mentioned studies on sperm motility and tubulin, we suggest that the higher levels of tubulins are associated with the longer motility of diploid sperm. Hence, the high levels of tubulins in diploid spermatozoa from 4nAT fish might be important in promoting their motility.
Proteins Involved in Energy Metabolism
In fish, similar to mammals and other vertebrates, sperm motility is controlled by the beat frequency of the flagellum, which is directly dependent upon the rate of energy produced by ATP [35] . Efficient synthesis and hydrolyzing of ATP in spermatozoa is crucial for maintaining sperm motility. The energy-supplying pathways in fish spermatozoa mainly comprise glycolysis and the tricarboxylic acid (TCA) cycle [36, 37] .
Here, six of the identified proteins were classified by GO analysis as being associated with energy metabolism. There were two kinases regulating energy homeostasis and four enzymes involved in carbohydrate metabolism.
Brain-type creatine kinase (CK) b is an enzyme that catalyzes the reversible conversion between phosphocreatine and ATP to regenerate the latter molecule. Two main isoforms of CK, brain-type CK and sarcomeric mitochondrial CK, are localized within the sperm tail and the mitochondrial midpiece region, respectively [38, 39] . CK has high activity in spermatozoa from lugworms, sea urchins, herring, salmonids, cyprinids, roosters, and some mammals [40] [41] [42] . It is essential for the distribution of energy along the flagellum and for supplying necessary ATP levels for the dynein cross-bridges to enable spermatozoa to deal with the severely restricted diffusion of ATP within the flagellum [35, 43, 44] . In view of its role in the ATP-regenerating system in spermatozoa, researchers have suggested that elevated CK levels might provide a physiological advantage for sperm motility [39] . To demonstrate the relationship between CK activity and sperm motility, selective inhibition of CK led to a deficiency in flagellar motility in two-thirds of the flagella in sea urchin spermatozoa [38] . In the present study, brain CK isoform X1 was found to be more abundant in diploid spermatozoa than in haploid spermatozoa, presumably to provide an enhanced ATP supply level for prolonged motility.
Adenylate kinase (AK) isoenzyme 1 catalyzes the interconversion of one ATP and one AMP into two ADPs [45] . AK plays important roles in energy homeostasis and the energy supply to the sperm axoneme, especially in highly motile cells. AK activity has been reported in spermatozoa from bulls, mice, roosters, trout, the bleak Alburnus alburnus (Cyprinidae), and sea urchins, allowing the conversion of ADP during sperm motility [46] [47] [48] . Indeed, in spermatozoa from A. alburnus, AK activity was positively correlated with sperm motility, indicating the importance of this enzyme in fish spermatozoa [47] . For bovine spermatozoa, inhibition of AK activity disrupted sperm motility [48] . Moreover, proteomic analysis of bull spermatozoa showed that AK1 was more strongly expressed in spermatozoa from a highly fertile group of animals compared with a low-fertility group [49] . Remarkably, in the present study, AK1 was found in higher abundance in diploid than in haploid spermatozoa. Thus, AK1 might be a marker for the longer motility of diploid spermatozoa, and indicates its important role in the reproduction of freshwater cyprinids. The consumption of carbohydrates is essential for endogenous sperm energy production, and glycolysis and the TCA cycle are key pathways contributing to ATP synthesis in fish. In the present study, four carbohydrate metabolic enzymes were found in different concentration in diploid compared with haploid spermatozoa. GAPDH2 and triosephosphate isomerase A (TPI1a) are important enzymes in the glycolysis that is essential for endogenous ATP production in supporting sperm motility [50] . Studies have revealed that sperm-specific GAPDH2 is a flagellar protein indispensable for sperm flagellar movement in mammals [51] [52] [53] [54] . In the mouse, knocking out the gene for the sperm-specific GAPDH inhibited sperm motility and male fertility [54] . In D. rerio, GAPDH2 has been identified as a testis-specific enzyme, and might be important control enzyme in sperm motility. In general, the higher level of GAPDH2 in diploid spermatozoa indicates that this glycolytic enzyme could be a good marker for sperm motility in cyprinid fish.
TPI is another glycolytic enzyme [55] . In mouse spermatozoa, TPI1 was found to locate to the fibrous sheath and to PROTEOMIC ANALYSIS OF DIPLOID SPERMATOZOA participate in the generation of ATP [26, 56, 57] . In human semen, TPI levels were lower in normospermic than in asthenozoospermic samples [26] . This is consistent with the lower abundance of TPI1a in diploid spermatozoa with better sperm motility parameters. Although few studies have researched the role of TPI in fish spermatozoa, given its essential role in glycolysis, we predict an important role for this enzyme in motility.
In addition, we have identified 2-oxoglutarate dehydrogenase complex component E2 (dihydrolipoamide S-succinyltransferase), an inner core of one metabolic enzyme in the TCA cycle, in one protein spot from each gel showing an obviously higher expression in diploid spermatozoa. In addition, the lower abundance of the 6-phosphogluconolactonase isoform X3 in diploid spermatozoa had been found.
Proteins Associated with the UPS
The UPS is the principal mechanism for regulating intracellular proteolytic degradation, which is crucial for various cellular processes. Proteasome alpha 6a subunit (PSMA6), UCH-L3, and prohibitin (PHB), identified in this study, are associated with the UPS in spermatozoa. PSMA6 is part of the proteasome multicatalytic complex that degrades polyubiquitinated proteins by proteolysis. Proteasome activity has been detected in spermatozoa from mollusks, fish, and mammals [58, 59] , and is associated with mammalian sperm capacitation, fertilization, and motility [58, 60, 61] . In fish spermatozoa, proteasomes are localized along the flagellum and have been suggested as candidates for regulating sperm motility in an ATP-dependent manner [59, 60, 62] . In bulls, higher levels of PSMA6 were detected in spermatozoa from a low-fertility group than in a high-fertility group [49] . Those observations and the lower expression of PSMA6 in diploid spermatozoa in this study are consistent with a negative correlation between sperm motility, fertility, and the concentration of proteasome subunits. UCH-L3, another component of the UPS, is one of the deubiquitinating enzymes that participate in removing covalently attached ubiquitin from its target protein [63] . In previous studies, sperm ubiquitination was correlated with semen quality [64] . Negative correlations were detected between sperm ubiquitination and the durations of both rapid and slow progressive motility [65] . In the present study, the higher expression of UCH-L3 might induce a lower level of ubiquitination in diploid spermatozoa, giving longer motility. This is consistent with the above-mentioned negative correlations between sperm ubiquitination and sperm motility.
PHB, another protein found in lower concentration in diploid spermatozoa, is localized in the inner mitochondrial membrane, and acts as an ubiquitinated substrate [66, 67] . PHB undergoes ubiquitination during spermatogenesis and facilitates the targeted degradation of paternal mitochondria in zygotes. Thus, PHB is involved in the control of maternal inheritance of mitochondrial DNA (mtDNA) [66, [68] [69] [70] [71] . Moreover, researchers have speculated that the failure or retardation of sperm mtDNA degradation in the early embryo might create opportunities for the survival of paternal mitochondria [69, 70] . In our previous study, we found that triploid crucian carp acquired a recombinant mtDNA fragment derived from the fusion of maternal and paternal mtDNAs [72] . Lower PHB in diploid spermatozoa might lead to low-efficient targeted degradation of paternal mitochondria in zygotes and thereby increase the probability of mtDNA recombination in triploid fish.
Other Functional Proteins
Besides these classified proteins, we identified five proteins: alpha-aminoadipic semialdehyde dehydrogenase (ALDH7A1), glycerol-3-phosphate dehydrogenase 1-like protein (GPD1L), and septin8a protein were more highly expressed in diploid spermatozoa, whereas BMP2-4 and a probable G proteincoupled receptor-like protein were less expressed in diploid spermatozoa.
In these proteins, ALDH7A1 is one of the aldehyde dehydrogenases that was proven to be associated with the removal of toxic aldehydes produced during oxidative stress to protect cells from damage [73, 74] . GPD1L catalyzes the conversion of sn-glycerol 3-phosphate to glycerone phosphate. Septin8a is a member of the septin family, members of which are required for filament formation. These proteins are worthy of further research.
In this study, we investigated variations in protein composition in diploid spermatozoa compared with haploid spermatozoa. Our data indicate that the higher level of cytoskeletal proteins, partial energy metabolism proteins, and lower-level proteins associated with the UPS in diploid spermatozoa might be indicators of their longer motility compared with haploid spermatozoa. The glycolysis pathway seems to be an important contributor to ATP synthesis in fish spermatozoa; in particular, the higher concentration of GAPDH2 could help meet the greater energy requirements of diploid compared with haploid spermatozoa. Interestingly, PHB is involved in controlling the maternal inheritance of mtDNA in the early embryo, so the lower level of PHB in diploid spermatozoa might be a cause of maternal/paternal mtDNA recombination in the triploid crucian carp.
